Introduction {#sec1}
============

Many crucial biological functions such as cell attachment, growth, and intracellular communications depend on multiple, simultaneous interactions that occur between ligands and receptors at the surfaces of cells.^[@ref1],[@ref2]^ The term multivalency describes these binding events, when two or more ligands interact with multiple binding sites of receptors. There has been an intense effort to understand the role of multivalency in the group of receptors known as G-protein-coupled receptors (GPCRs).^[@ref3]^ These receptors are present on the surfaces of all mammalian cells and are responsible for communicating biochemical signals from the exterior environment to a cell's internal machinery. While each GPCR will individually bind to a single molecule of a ligand, such as a hormone or neurotransmitter, the complexity of cellular signaling that results from ligand--receptor binding is the result of numerous additional interactions between GPCRs and other proteins. Collectively, GPCRs regulate a very broad range of physiological responses (such as vision, olfaction, and behavior) as well as the maintenance of key biological systems (such as autonomic nervous, musculoskeletal, cardiovascular, and immune systems).^[@ref4]^ Dysregulation of these receptors is associated with numerous diseases and has spurred the development of small molecule drugs that target GPCRs.^[@ref5]^

An emerging concept concerning GPCRs is that they interact with each other via a network of protein--protein interactions within a cell's membrane, and there is therefore a need to develop new techniques and approaches to study this network. A deeper understanding of how multivalency controls ligand--GPCR interactions could help to elucidate how these proteins communicate and ultimately provide a means to coordinate GPCR signaling for the treatment of associated human diseases. Based on extensive studies of GPCRs in which fluorescent labeling of either the receptor or ligand is used, there is general agreement that labeled GPCRs can dimerize in the membrane.^[@ref6]−[@ref12]^ There is additional evidence that higher-order GPCR complexes with at least three labeled proteins can be present.^[@ref13]^ If GPCRs associate within the membrane, then close examination of the multivalent display of ligands for these receptors should provide a complementary approach to study their associations. Identifying a suitable chemical scaffold for the multivalent display of GPCR ligands is challenging. Current chemical scaffolds to examine multivalent effects of GPCR binding are restricted to display ligands at specific valencies that do not allow broad investigation across a range of valencies. For instance, bivalent chemical probes consisting of two ligands covalently linked together by flexible spacers have been used to validate the formation of GPCR dimers and were also used as molecular rulers to approximate adjacent binding site distances.^[@ref14]−[@ref17]^ Beyond a valency of two ligands, however, it is challenging to generate and study multivalent libraries. Only Jacobson and colleagues have probed higher ligand valencies for adenosine receptors (ARs), where 4--500 ligands were attached to a handful of dendrimers and nanoparticles.^[@ref18]−[@ref20]^ While multivalent effects were clearly present at high ligand valencies, the heterogeneous nature of these scaffolds prevented an accurate quantification of ligands and limited the in-depth analysis of ligand--receptor interactions. There are several other chemical strategies that have been developed for the multivalent display of ligands on synthetic scaffolds, especially in the area of glycobiology.^[@ref1],[@ref21]−[@ref27]^ However, these existing approaches all have restrictive ranges of valencies or the heterogeneity of a material that limits their usefulness to conduct detailed studies of GPCRs. To thoroughly investigate how ligand multivalency can influence GPCR activity, a new scaffold is needed that would allow more control than what is available in the current molecular toolset.

Recently, we described a new multivalent scaffold that is both highly programmable and exceedingly versatile.^[@ref28],[@ref29]^ Using ligand-modified peptide nucleic acids (L-PNAs) in conjunction with a series of complementary DNAs, multivalent libraries can be readily generated that fully control ligand location, spacing, and precise valencies (Figures [1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). In this study, we utilize this systematic multivalent approach to interrogate the A~2A~ adenosine receptor (A~2A~AR), a GPCR that is a drug target for Parkinson's disease and other neurodegenerative conditions.^[@ref30]^ Structure--activity relationships of ligands that bind to A~2A~AR are well-known and supported by X-ray crystal structures of the ligand-bound receptor.^[@ref31]−[@ref33]^ Using our L-PNA approach, multivalent libraries bearing an antagonist of the receptor were generated. These libraries map a broad spectrum of ligand--protein binding associations over multiple ligand valencies and spatial orientations. Binding data for each member of the library was obtained using an established radioligand competition assay, and therefore, fluorescent labeling of protein or ligand was not necessary.^[@ref19]^ Analyses of the multivalent landscapes clearly reveal specific regions of enhanced binding as the numbers of ligands increase, but they also reveal important limitations where more ligands do not improve binding. In addition, the data demonstrate that there is an important spatial component of ligand presentation that allows multivalent effects to be closely examined. In conjunction with a theoretical model specifically developed to interpret the experimental data, the presence and abundance of A~2A~AR homodimers within the membrane is suggested. With a deeper understanding of which L-PNAs bind to A~2A~AR homodimers, sequential attachment of these L-PNA units to each other afforded progressive improvements in binding affinity to the receptor protein. In our optimal multivalent construct, eight antagonist ligands with the proper spacing and orientation on a L-PNA scaffold bind with very high affinity and good selectivity to A~2A~AR. To explain these data, we propose that A~2A~AR must be arranged in a higher-order oligomeric state beyond a simple dimer when bound to the multivalent assembly. Our results demonstrate that multivalent libraries based on L-PNA assemblies can be used to study GPCRs and reveal for the first time that specific multivalent arrangements of ligands interact preferentially with A~2A~AR over other highly similar ligand arrangements.

![Ligand-modified PNAs. (a) Representation of a L-PNA:DNA duplex as a chemical structure with the γ-lysine side chain modification highlighted in red. XAC is connected to the side chain by two mini-PEG (Boc-8-amino-3,6-dioxaoctanoic acid) linkers. (b--d) L-PNA 12-base oligomer bound to complementary DNA with one XAC ligand (b), two XAC ligands (c), and three XAC ligands per L-PNA (d).](ja-2014-04288s_0001){#fig1}

![L-PNA:DNA multivalent library and landscape. (a) L-PNA:DNA multivalent library with the associated IC~50~ and β values for binding to A~2A~AR. (b) Multivalent landscape highlighting the relationships between the A (red), B (blue), and C (green) type L-PNA constructs when annealed to various lengths of DNA. The inset shows the data in full scale, whereas the main window is an enhanced view that enables the observation of more subtle changes in the data. Key η values signal an increase in the individual ligand binding affinity.](ja-2014-04288s_0002){#fig2}

Results and Discussion {#sec2}
======================

Initial Library and Multivalent Landscape {#sec2.1}
-----------------------------------------

To generate a multivalent library of ligand-modified PNA conjugates, a high-affinity AR antagonist, xanthine amine congener (XAC), was conjugated to PNA oligomers via a γ-side chain derived from lysine (γ-Lys, Figure [1](#fig1){ref-type="fig"}a). Ligands attached to this side chain within an L-PNA oligomer do not interfere with the ability of the L-PNA to bind to complementary DNA sequences by traditional Watson--Crick base pairing.^[@ref34],[@ref35]^ A series of PNA oligomers, each consisting of 12 nucleobases, was synthesized in which one, two, or three γ-Lys side chains were incorporated into the sequence (Figure [1](#fig1){ref-type="fig"}b--d). The primary amines at the ends of the γ-Lys side chains serve as the attachment points for the XAC ligands. Two mini-PEG (8-amino-3,6-dioxaoctanoic acid) linkers inserted between the amine and the XAC minimize steric repulsion with the receptor protein (Figures S1--S6 and Chart S1 in the [Supporting Information](#notes-1){ref-type="notes"}). Three L-PNAs were generated in this manner, each containing one, two, or three XAC ligands, referred to as types **A**, **B**, and **C**, respectively (Figure [1](#fig1){ref-type="fig"}b--d). Annealing each L-PNA to complementary DNA sequences designed to bind one to five L-PNAs generates a library of multivalent L-PNA:DNA duplexes (Figure [2](#fig2){ref-type="fig"}a and video S1 in the [Supporting Information](#notes-1){ref-type="notes"}). Overall, 15 complexes were generated (three different PNAs complexed to five different DNAs) to systematically span a ligand valency between 1 and 15 XAC ligands. Each L-PNA:DNA complex is named according to its individual components. For example, a type **A** construct bearing three L-PNA units along the DNA backbone is referred to as **A3**~**D**~, which contains three ligands and where the subscript D denotes the DNA backbone (Figure [2](#fig2){ref-type="fig"}a).

Each member of the library was tested for binding affinity using an established human A~2A~AR membrane-based radioligand inhibition assay to explore the effects on protein binding of increasing the ligand valency and density.^[@ref19]^ Although such protocols have become standard in the investigation of GPCR behavior, membrane binding assay data can be complicated by the presence of multiple receptor binding states.^[@ref36]−[@ref38]^ These binding isotherms are a composite of these states, and special cases can highlight multiple binding thresholds (i.e., IC~50~ or *K*~i~ values). However, they are typically observed as a monophasic binding isotherm. In our experiments, only monophasic isotherms were observed, which provide a single binding affinity for each compound. These affinities are presented in Figure [2](#fig2){ref-type="fig"}a and in the multivalent landscape plotted in Figure [2](#fig2){ref-type="fig"}b. Each construct was measured in triplicate over seven different concentrations. To confirm these findings, select compounds were examined using a recently reported whole-cell assay of receptor binding by flow cytometry adapted to the A~2A~R.^[@ref39]^ The results from binding in membranes and whole cells were equivalent (Chart S2 in the [Supporting Information](#notes-1){ref-type="notes"}). Nonspecific binding effects^[@ref26]^ were examined using an acetylated form of the type **C** PNA (Ac-**C**) that lacks any XAC ligand (Figure S19 in the [Supporting Information](#notes-1){ref-type="notes"}). There was no nonspecific binding observed with the complex **AcC1~D~** (Chart S6 in the [Supporting Information](#notes-1){ref-type="notes"}).

One way to analyze data from a multivalent screen is to calculate the β-parameter for each member of the library \[β = *K*~d~(L-PNA:DNA)/*K*~d~ (monomeric ligand)\].^[@ref40]^ As initially established by Whitesides and colleagues, β describes the benefit of the multivalent scaffold relative to the monovalent ligand, and lower values signal enhanced binding due to multivalent effects. For each member of the multivalent library, we calculated the β values shown below the IC~50~ values in Figure [2](#fig2){ref-type="fig"}a. These values reveal some important features. The attachment of one ligand to the L-PNA:DNA (**A1**~**D**~) scaffold lowers the binding affinity compared to the ligand alone, an expected decrease due to the large molecular weight of the ligand plus scaffold complex (7980 Da) compared to the ligand alone (428 Da). Furthermore, adding mini-PEG linkers to XAC lowers the binding affinity. Similar results have been observed in the work of Jacobson using the same ligand on dendrimers and gold nanoparticles.^[@ref18]−[@ref20]^ The addition of more ligands to the scaffold quickly overcomes any loss in binding. This observation signals a multivalent effect. While the β values identify the most potent binders in the library, the patterns of improvements in affinity over the entire data set indicated that different types of multivalent effects occur as the number of ligands increases.

Therefore, a new method was developed to analyze the results from the multivalent screen. We define the parameter η as the change in binding affinity between any two adjacent L-PNA:DNA complexes in Figure [2](#fig2){ref-type="fig"}a when the change in ligand valency is normalized. When comparing two complexes, η values of approximately 1 indicate that individual ligand binding affinity is roughly the same and that any improvements in binding are due solely to the integral increase in the number of ligands. Values of η greater than 2 suggest a statistically significant increase in the individual ligand binding affinity that exceeds the expected improvement from simply having more ligands. When examined in this manner the multivalent landscape in Figure [2](#fig2){ref-type="fig"}b indicates that most η values are near 1 (Charts S7 and S8 in the [Supporting Information](#notes-1){ref-type="notes"}). However, η values greatly exceed 1 when comparing **A1**~**D**~ to either **A2**~**D**~ (η = 4.7, *p* = 0.016) or **B1**~**D**~ (η = 19.8, *p* = 0.012), and these results indicate that the two ligands of **A2**~**D**~ and **B1**~**D**~ simultaneously bind to two A~2A~AR proteins. The main conclusion from this analysis of the multivalent landscape is that the most significant improvements in ligand--receptor binding occur when moving from a valency of 1 to 2 ligands.

Ligand-Spacing Study {#sec2.2}
--------------------

Our initial results indicate that a L-PNA:DNA complex bearing two XAC ligands binds significantly better than a corresponding monovalent complex. Next, we explored the effects of ligand spacing. A series of bivalent constructs were examined where the two γ-Lys side chains bearing XAC ligands were systematically shifted along the PNA backbone (Figure [3](#fig3){ref-type="fig"} and Figures S7--S12 in the [Supporting Information](#notes-1){ref-type="notes"}). To minimize the electrostatic influence of the negative charges on the DNA phosphodiester backbone, the DNA was replaced with a PNA that was complementary in sequence (Figures S13--S15 in the [Supporting Information](#notes-1){ref-type="notes"}). Constructs prepared in this manner bear a P subscript. It is well-established that PNA:PNA duplexes maintain traditional nucleobase pairings in double-helical structures.^[@ref34]^ Experimental results revealed that DNA can have a *negative effect* on binding because **A1**~**P**~ was 8-fold more potent than **A1**~**D**~ (*p* = 0.0015). With the exception of lysine residues added at the termini to promote aqueous solubility, the resulting L-PNA:PNA duplex is charge-neutral and should not experience charge--charge repulsion with phosphate groups on the membrane containing the receptor. In total, four **B1**~**P**~ complexes were generated (**B**~**2,3**~**1**~**P**~, **B**~**6,10**~**1**~**P**~, **B**~**2,10**~**1**~**P**~, and **B**~**1,14**~**1**~**P**~) with various distances between the ligands, where the side chains on the L-PNA backbone were separated by 1, 4, 8, or 13 nucleobases (Figure [3](#fig3){ref-type="fig"}a).

![Bivalent L-PNA:PNA. (a) Representation of a bivalent L-PNA:PNA duplex as a chemical structure. The highlighted L-PNA (red) contains two adjacent ligand-bearing side chains with a spacing of one base pair (bp), which is approximately 3.7 Å. (b) Several bivalent L-PNA:PNAs were generated to determine the affects of axial spacing on receptor binding ability. Along with the monovalent **A1**~**P**~ control, the four bivalent complexes are summarized including their IC~50~ values in human A~2A~ radioligand binding, the change in axial distance between the ligand side chains, and the η value of the complex compared to **A1**~**P**~.](ja-2014-04288s_0003){#fig3}

The bivalent L-PNA:PNA complexes all bound with higher affinity to A~2A~AR (η = 1.6--2.5, *p* ≥ 0.007) compared to **A1**~**P**~ (Figure [3](#fig3){ref-type="fig"}b). Within the series of bivalent constructs, the narrowest (**B**~**2,3**~**1**~**P**~) and the widest (**B**~**1,14**~**1**~**P**~) complexes were the weakest binders. The **B**~**6,10**~**1**~**P**~ and **B**~**2,10**~**1**~**P**~ complexes bound with higher affinities yet were experimentally indistinguishable from each other at this level (*p* ≥ 0.05). Although less dramatic compared to the previous multivalent screen, the binding data and η values indicate that the strength of ligand binding in this series of bivalent complexes depends on the distance and angle between the side chains that display the ligands.

Theoretical Model and Docking {#sec2.3}
-----------------------------

Based on the data from the multivalent screens, it seemed likely that bivalent complexes bind to homodimeric pairs of A~2A~ receptors. To investigate this possibility in more detail, we developed a coarse-grained statistical mechanics model to interpret the experimental binding data in Figure [3](#fig3){ref-type="fig"}b and suggested the relative abundance of dimeric versus monomeric receptors (a full description of the model is presented in the [Supporting Information](#notes-1){ref-type="notes"}). The model examines the relative ability of all 78 possible configurations of monovalent (12) and bivalent (66) side chain combinations along the L-PNA:PNA backbone to bind to a theoretical receptor (video S2 in the [Supporting Information](#notes-1){ref-type="notes"} shows the set of bivalent side chains). The linker groups attached to the side chains of the ligands are flexible, thus the conformational states accessible to each side chain were modeled as a polymer with a self-avoiding walk. The receptors were modeled as two concentric circles, an outer circle representing the excluded volume portion of the receptor and an inner circle representing its ligand binding site. Ensembles of different receptor densities were placed in a two-dimensional plane representing the lipid bilayer of a membrane. Discrete ratios of receptor dimers and monomers were assigned, ranging from all monomers to all dimers. Each side chain configuration of the L-PNA:PNA construct was examined for its binding potential to the receptor ensemble.

By assigning a fixed energy to each interaction, only a discrete number of different binding states exist between L-PNA:PNA and the receptor. Examples of these states for the monovalent (**A**~**1P**~) and bivalent (**B**~**1P**~) complexes are highlighted in Figure [4](#fig4){ref-type="fig"}a,b. In this model, the enthalpy of ligand binding to the receptor was assumed to be the same for each state in which there is a binding event. Therefore, only the changes in entropy of receptor binding between the different L-PNA:PNAs were considered in the subsequent calculations. The model determines the probability of occurrence for each possible state, calculates the density of states for each protein ensemble, and subsequently provides a partition function with an energetic term (based on the entropy of binding) that represents the likelihood of receptor dimerization. Finally, the fraction of ligand-bound receptors in the ensembles is calculated for each L-PNA:PNA configuration. In Figure [4](#fig4){ref-type="fig"}c, some of these data are presented for four different data sets. Each data set in the figure (▲, ■, ●) consists of the 66 different combinations of L-PNA:PNA bivalent complexes interacting with receptors at a discrete ratio of dimer to monomer (*D*). The × represents the 12 possible monovalent L-PNA:PNAs interacting with the receptors.

![Statistical model. The model assumes that only a discrete number of different binding states exist between L-PNA:PNA and the receptor. A subset of these states is highlighted for the (a) monovalent complex and (b) bivalent complexes. (c) When every possible ligand configuration of **A1**~**P**~ and **B1**~**P**~ complexes was used, the model samples an ensemble of states in accordance with a specific fraction of protein in the dimeric state. (d) This information can then be extrapolated and plotted as the fraction of receptors in the dimeric state (*D*) versus the discrepancy (δ) between the theoretical and experimentally observed data.](ja-2014-04288s_0004){#fig4}

Depending on the percentage of receptor dimer (*D*) assigned in the model, there are clear differences in the predicted binding of bivalent L-PNA:PNAs. For instance, when only 2% of receptors exist as dimers (*D* = 2%), there is a low fraction of bound receptors across the set of 66 possible bivalent L-PNA:PNAs (●). If 98% of receptors are dimers (*D* = 98%), the predicted fraction of bound receptors is much higher (▲). These differences exist for bivalent L-PNA:PNA. For the 12 possible monovalent L-PNA:PNAs (×), there is no change in the fraction of bound receptors as the percentage of dimer increases because the single ligand binds equally to all states of the receptor regardless of whether it is a dimer or monomer.

The experimental data were compared with the theoretical model to estimate the percentage of receptor dimers. The red bars at the top of Figure [4](#fig4){ref-type="fig"}c show where the experimental bivalent L-PNA:PNAs from Figure [3](#fig3){ref-type="fig"}b align within the model's 66 possible L-PNA:PNA configurations. The next goal was to determine which data set (▲, ■, ●, or others) had the best fit with the experimental values. To make this evaluation, ratios of IC~50~ values, represented by *R*, from Figure [3](#fig3){ref-type="fig"}b are directly compared to the *R* ratios for the same L-PNA:PNA complexes in the model. This was necessary to compare the theoretical model with the experimental data. An example of this ratio is shown in Figure [4](#fig4){ref-type="fig"}c, which is the *R* ratio of IC~50~ values for **B**~**2,3**~**1**~**P**~ to **B**~**6,10**~**1**~**P**~. The *R* from experimental data is compared to the same ratio predicted by the model in each data set (for more detail on determining the *R* values, see eqs 11 and 12 in the theoretical model in [Supporting Information](#notes-1){ref-type="notes"}). In total, there are six experimentally determined *R* ratios derived from Figure [3](#fig3){ref-type="fig"} that are compared to the analogous ratios in the different data sets of the model. Discrepancies between the experimental and theoretical values are designated by delta (δ). The magnitude of the discrepancy between experiment and theory was used as a guide to assign the most likely percentage of receptor dimer (Figure [4](#fig4){ref-type="fig"}d).

The analysis suggests that bivalent L-PNA:PNA binds to A~2A~ receptors that exist as dimers. A model where the receptors exist largely as monomers does not account for the observed experimental data (δ ≥ 40%). The best overlap between the experimental and theoretical data, signified by the smallest δ value, is in the realm of 80--95% of receptors existing as dimers (see "ideal region" in Figure [4](#fig4){ref-type="fig"}d) and the remaining portion as monomers (δ ≤ 20%).

A molecular model further demonstrates that a bivalent L-PNA:PNA could bind to a dimer of A~2A~ proteins without excessive strain or clear steric clashing between the scaffold and the proteins. A dimeric A~2A~AR was built and modeled to interact with **B**~**6,10**~**1**~**P**~ (Figure [5](#fig5){ref-type="fig"}a). The structure of the A~2A~AR monomers was modeled on high-resolution X-ray crystal structures (PDB IDs: 3REY and 4EIY).^[@ref31],[@ref41]^ The likely contact regions between the protomers were determined through protein--protein docking and data from model systems.^[@ref42]^ A PNA:PNA duplex model was created wherein the helical conformations were derived from the NMR solution structure of a γ-methylated PNA duplex 8-mer (PDB accession code 2KVJ).^[@ref43]^ The duplex model was then connected to the bound XAC ligand through mini-PEG linkers that are identical to the ones used in the multivalent libraries. The construct was then optimized to an energy minimum and is displayed without (Figure [5](#fig5){ref-type="fig"}a) and with (Figure [5](#fig5){ref-type="fig"}b) the membrane. Both the molecular and statistical models suggest that the linkers are sufficient in length to allow access to both binding sites with an optimal side chain placement. Additionally, the duplex backbone has ample space to hover over the protein surface without steric repulsion. These models represent a static snapshot of binding. A clearer representation of the flexibility associated with the side chains is shown in Figure [5](#fig5){ref-type="fig"}c,d. Models of the proposed A~2A~AR dimer are overlaid with two bivalent L-PNA:PNA complexes. A subset of the side chain conformations from the statistical model is displayed. As seen in Figure [5](#fig5){ref-type="fig"}c, the side chains of **B**~**2,3**~**1**~**P**~ do not overlap very well to simultaneously interact with both binding sites of the proposed A~2A~AR dimer. In **B**~**6,10**~**1**~**P**~ (Figure [5](#fig5){ref-type="fig"}d), the side chains are more favorably arranged to simultaneously bind the dimer. This matches our experimental data; **B**~**6,10**~**1**~**P**~ binds with slightly higher affinity to A~2A~AR than **B**~**2,3**~**1**~**P**~ (IC~50~ values of 210 nM versus 320 nM, Figure [3](#fig3){ref-type="fig"}b).

![Molecular modeling. A molecular model of a proposed A~2A~ dimer was built based on a known antagonist-bound crystal structure of the monomer. The **B**~**(6,10)**~**1**~**P**~ complex was modeled with the dimer, both (a) without and (b) with the phospholipid bilayer (cellular membrane). When a subset of the data from the statistical model was used, possible side chain organizations are superimposed on the model for the (c) **B**~**(2,3)**~**1**~**P**~ and (d) **B**~**(6,10)**~**1**~**P**~ complexes.](ja-2014-04288s_0005){#fig5}

To further test the structural feasibility of the A~2A~AR homodimer/**B~(6,10)~1**~**P**~ complex, the stability was tested by molecular dynamics computer simulations. To account for the heterogeneous environment, the system included explicit lipid molecules for the membrane bilayer and explicit water molecules for the solvent. The stability of the protein and PNA components is depicted by the time course of the root mean square deviations (rmsd) (Figure S21 in the [Supporting Information](#notes-1){ref-type="notes"}). The deviations are from the coordinates obtained at 1.0 ns of production dynamics, allowing for equilibration under the constant pressure and temperature constraints. As seen by the leveling-off of the curves, net changes in both the protein and PNA structures finish at approximately 500.0 ps. For the A~2A~AR protein, the similar rmsd magnitudes for the dimer and the two monomers separately indicate that the monomers are not moving apart or changing relative orientation over time. The results for the PNA duplex indicate slightly greater stability for the base pairs compared to the backbone, as described by Autiero et al. for a different sequence of PNA.^[@ref44]^ Likewise, similar magnitudes of PNA rmsd values, approximately 1.8 Å, are obtained for the two systems. Finally, as portrayed in the movie of the trajectory (video S3 in the [Supporting Information](#notes-1){ref-type="notes"}), the main change in the conformation of the complex is the moving away of the duplex from the membrane-bound receptor dimer. This allows for greater access of water to the polar elements of the PNA construct and the lipid headgroups of the proximal membrane. However, this drift is restrained by the bound XAC molecules, which maintain their docked positions in the binding sites of the two A~2A~AR proteins.

L-PNA:PNA Multivalent Landscape {#sec2.4}
-------------------------------

Comparing results from L-PNA:DNA and L-PNA:PNA demonstrated that the DNA can have a detrimental effect on binding to the receptor at low valencies. Bivalent L-PNA:PNA duplexes were used to examine the effects of intraligand distances on binding to A~2A~AR. This approach was extended to higher valencies using longer PNAs as a replacement for DNA. Therefore, a modified PNA construct that can be made up to 48 bases in length was developed to support the binding of up to four complementary L-PNAs (with each L-PNA having between one and three side chains bearing a XAC ligand) (Figures S16--S18 in the [Supporting Information](#notes-1){ref-type="notes"}). These modified PNAs contain an *N*,*N*-dimethyllysine residue after every 12th nucleobase, which allows conformational flexibility between adjacent L-PNAs. A second library containing 16 L-PNA:PNAs was constructed and used to generate a multivalent landscape by determining the binding affinity for each member of the library.

The multivalent library for L-PNA:PNA is shown in Figure [6](#fig6){ref-type="fig"}a, spanning valencies from 1 to 12 XAC ligands. The multivalent effects of two different bivalent type **B** PNAs were also explored in this library. Previously, **B**~**6,10**~**1**~**P**~ and **B**~**2,10**~**1**~**P**~ showed experimentally indistinguishable binding affinities to A~2A~ when examined as a 1:1 L-PNA:PNA complex (Figure [3](#fig3){ref-type="fig"}b). With a better understanding of the likelihood for A~2A~ receptors to form dimers, we were particularly interested to see if these constructs would show enhanced binding at higher valencies.

![L-PNA:PNA multivalent landscape. (a) L-PNA:PNA multivalent library with the associated IC~50~ and β values. Complex **B**~**(6,10)**~**4**~**P**~ was also screened for binding to other human AR subtypes A~1~AR (260 nM) and A~3~AR (180 nM). Black lines within the gray boxes indicate positions of the *N*,*N*-dimethyllysines. (b) Multivalent landscape highlighting the relationships between the **A** (red), **B**~**(2,10)**~ (light blue), **B**~**(6,10)**~ (dark blue), and **C** (green) type L-PNA constructs when annealed to various lengths of complementary PNA. The inset shows the progressively increasing binding affinity of the **B**~**(6,10)**~ family as the length of the PNA complement is increased. Key η values are noted.](ja-2014-04288s_0006){#fig6}

The results of screening this new L-PNA:PNA library are presented in Figure [6](#fig6){ref-type="fig"}. Similar to the original multivalent screen, there is a significant enhancement of ligand binding efficiency when comparing valencies of one to two ligands (η = 2.5), and for the most part, all other improvements in binding affinity can be accounted for by the corresponding increase in ligand valency (η ≅ 1, Charts S9 and S10 in the [Supporting Information](#notes-1){ref-type="notes"}). Additionally, an analysis of the Hill slopes further supported the general trend of enhanced binding properties (Chart S3 in the [Supporting Information](#notes-1){ref-type="notes"}).

There was no observed nonspecific binding of the control complex AcC1~P~ in which the PNA Ac-C was complexed with complementary PNA (Figure S19 and Chart S6 in the [Supporting Information](#notes-1){ref-type="notes"}). Remarkably, there is one data point in the multivalent landscape that is distinctly different: **B**~**6,10**~**4**~**P**~ has a binding affinity that is markedly better than any of its surrounding neighbors (β = 0.13). This specific L-PNA:PNA has a valency of eight XAC-bearing side chains, arranged by pairs on four L-PNAs that are bound to a complementary PNA sequence containing 48 bases. The interligand spacing on the bivalent **B**~**6,10**~ PNA should be optimized for binding to an A~2A~ dimeric pair, as shown previously (Figure [3](#fig3){ref-type="fig"}b). A highly similar complex with identical size and valency (namely, **B**~**2,10**~**4**~**P**~) binds significantly weaker (3-fold, β = 0.34), as do other L-PNA:PNAs with lower or higher valencies. A closer examination of the data series for **B**~**6,10**~ shows sequential improvement in binding affinity as successive additions of the complementary PNA are incorporated (with regard to IC~50~ values, **B**~**6,10**~**1**~**P**~ \> **B**~**6,10**~**2**~**P**~ \> **B**~**6,10**~**3**~**P**~ \> **B**~**6,10**~**4**~**P**~). Interestingly, the same series with **B**~**2,10**~ does not show the same successive improvements in binding to A~2A~. This divergent trend was also observed in the Hill slope analysis. Further studies with **B**~**6,10**~**4**~**P**~ show that it retains physiological antagonist activity in an in vivo cAMP functional assay (Figure S22 in the [Supporting Information](#notes-1){ref-type="notes"}). Additionally, when compared to its homologues A~1~ and A~3~, **B**~**6,10**~**4**~**P**~ demonstrated enhanced selectivity for A~2A~ receptors that significantly exceeds that of the monovalent XAC ligand (Figure [6](#fig6){ref-type="fig"}a and Chart S4 in the [Supporting Information](#notes-1){ref-type="notes"}). These results all suggest that **B**~**6,10**~**4**~**P**~ has the proper dimensions and interligand spacing to bind simultaneously to multiple dimeric pairs of A~2A~ receptors.

Conclusions {#sec3}
===========

Programmable multivalent scaffolds that allow ligands to be displayed across a range of valencies and geometries can be used to study receptors at the membrane level. The fundamental investigational tool for this type of scaffold is the ligand-bearing L-PNA that can be assembled onto complementary sequences of DNA or PNA. For this work, a total of 35 different multivalent constructs were synthesized, and each member of this library was tested for binding to the A~2A~ receptor in an established radioligand displacement assay. The binding data were assembled to depict multivalent landscapes that were closely examined (with the help of β and η values) for regions of enhanced binding. Significant improvements in binding affinity were observed when comparing monovalent to bivalent display of the XAC ligand. This prompted a closer examination of the bivalent L-PNAs to determine whether A~2A~ dimer formation is important. For these experiments, the DNA part of the scaffold was replaced with another PNA to minimize electrostatic repulsion. To probe the likelihood of receptor dimers, the interligand distance dependence on binding was examined, and a theoretical model was developed to interpret the experimental data. The model suggests that A~2A~ exists predominantly as a dimer when bivalent L-PNA:PNA binds the receptor and that both XAC ligands can interact simultaneously with the dimer. These results agree with previous studies that suggest the presence of unligated A~2A~ homodimers.^[@ref45],[@ref46]^ In addition, recent crystallographic studies have demonstrated that several GPCRs can exist as dimeric species.^[@ref47],[@ref48]^

Previous GPCR research provided evidence that some receptors assemble into higher-order oligomers consisting of three or more proteins. Screening our L-PNA:PNA multivalent library revealed **B**~**6,10**~**4**~**P**~ as an exceptional binder compared to highly similar members within the same library. For instance, **A4**~**P**~, **B**~**6,10**~**4**~**P**~, and **C4**~**P**~ only differ in the number of ligands they display (4, 8, and 12) as they all have the same PNA scaffold (4 L-PNAs bound to a 48-base complementary PNA). Yet **A4**~**P**~ and **C4**~**P**~ bind 16 and 2 times more weakly to A~2A~ compared to **B**~**6,10**~**4**~**P**~. This difference is not simply related to the change in ligand valency. Even more striking is the comparison between **B**~**6,10**~**4**~**P**~ and **B**~**2,10**~**4**~**P**~, which differ only in the placement of two XAC ligand side chains yet exhibit a 3-fold difference in binding affinity. We propose that **B**~**6,10**~**4**~**P**~ binds to A~2A~ dimers arranged in higher-order oligomeric structures. It is important to note that our results do not show how the receptor associates in the absence of a ligand, and it is possible that **B**~**6,10**~**4**~**P**~ drives formation of the proposed higher-order structure. At the same time, X-ray crystallography studies have indicated that dimeric pairs of GPCRs could interact favorably in the packing lattice of the solid state.^[@ref47],[@ref48]^ We believe that **B**~**6,10**~**4**~**P**~ is the first example of a discrete multivalent pharmacological ligand binding to a higher-order arrangement of GPCRs.

The L-PNA system provides rigorous control over ligand valency and density, which can be reliably programmed into a spatially defined scaffold. The system also synergizes with the development of theoretical models to interpret the data. A key feature of the bivalent L-PNAs is the ability to change side chain spacing on the rigid scaffold without altering the molecular size or number of rotatable bonds. The ability to maintain such consistency within the series of bivalent L-PNA:PNA in Figure [3](#fig3){ref-type="fig"}b while subtly altering the ligand spacing is unique among bivalent pharmacological probes and facilitates the development of theoretical models. Indeed, no other currently available bivalent or multivalent approach can investigate a GPCR system with a similar level of precision or detail. Investigations of other ligand--receptor systems using the L-PNA scaffolds should provide detailed snapshots of different multivalent landscapes that can be used to probe other types of membrane receptors.

Synthetic procedures, characterization data, assay protocols, and supporting data. This material is available free of charge via the Internet at <http://pubs.acs.org>.

Supplementary Material
======================

###### 

ja504288s_si_001.pdf

###### 

ja504288s_si_002.mov

###### 

ja504288s_si_003.avi

###### 

ja504288s_si_004.mpg

The authors declare no competing financial interest.

This research was supported by the Intramural Research Program of NIDDK, NIH. We gratefully acknowledge Dr. John Lloyd and the mass spectrometry core facility of NIDDK for analysis of all PNA samples. This study utilized the high-performance computational capabilities of the Biowulf Linux cluster at the National Institutes of Health, Bethesda, MD (<http://biowulf.nih.gov>). We also thank George Lieman and Lisa Jenkins for review and comments on the manuscript.
